X-ray standing wave analysis of nanostructures using partially coherent radiation The effect of longitudinal (or temporal) coherence on total reflection assisted x-ray standing wave (TR-XSW) analysis of nanoscale materials is quantitatively demonstrated by showing how the XSW fringe visibility can be strongly damped by decreasing the spectral resolution of the incident x-ray beam. The correction for nonzero wavelength dispersion (dk 6 ¼ 0) of the incident x-ray wave field is accounted for in the model computations of TR-XSW assisted angle dependent fluorescence yields of the nanostructure coatings on x-ray mirror surfaces. Given examples include 90 nm diameter Au nanospheres deposited on a Si(100) surface and a 3 nm thick Zn layer trapped on top a 100 nm Langmuir-Blodgett film coating on a Au mirror surface. Present method opens up important applications, such as enabling XSW studies of large dimensioned nanostructures using conventional laboratory based partially coherent x-ray sources. V C 2015 AIP Publishing LLC.
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Over several decades, the X-ray standing wave (XSW) technique has been developed as a nondestructive elementspecific probe yielding structural analysis over length-scales ranging from 0.1 to 100 nm. The method, which is reviewed elsewhere, [1] [2] [3] [4] [5] has been widely exploited for a variety of applications including determination of positions of impurities in crystals, [6] [7] [8] [9] [10] chemically bound atoms at single crystal surfaces, [11] [12] [13] metallic atoms in molecular multilayer films, 14 ions at electrified liquid/solid interfaces, 15 distributions of metallic nanoparticles on surfaces, [16] [17] [18] as well as studies of interface structures and density variations in synthetic periodic multilayer structures. 19, 20 In terms of x-ray wavelength k and scattering angle 2h, the probed length-scale is directly linked to the XSW period D ¼ k=2 sin h ¼ 2p=Q, which is 0.1-1 nm for an XSW generated by single crystal Bragg diffraction, and 8-100 nm for an XSW generated by total reflection from a mirror surface.
While understanding of the XSW technique has witnessed considerable progress, there remain a number of unexplored effects that can influence this 2-beam interference phenomenon. One such effect is the influence of the coherence properties of the incoming x-ray wave field on the XSW field intensity distribution above a reflector surface. In conventional XSW analysis, the incident wave field is assumed perfectly monochromatic plane-wave with zero wavelength dispersion (dk ¼ 0), hence assuming an infinite longitudinal coherence length of the incoming x-rays. As previously demonstrated, 21 this simplifying assumption has no significant effect on the analysis until the optical path length difference (D ¼ n2z sin h) between the two interfering waves is significantly smaller than the longitudinal coherence length (L L % k 2 /dk), where n is the index of refraction, z is the height of the probed atomic layer above the mirror surface, and dk is the FWHM of the spectral distribution. Beyond this constraint, XSW analysis will not match well to measurements, if the longitudinal coherence properties of the incoming x-ray field are not properly taken into account in the model calculations.
Herein, we extend the analysis method beyond the zerobandwidth approximation to include the influence of longitudinal coherence properties of the incoming x-ray field on XSW measurements. We will show that the derived numerical solutions developed to account for the coherence properties of a source can be directly adapted in the computation of the angle-dependent XSW field pattern produced by a partially coherent x-ray beam, characterized with a Gaussian distribution in intensity and a finite spectral bandwidth. This approach allows us to perform XSW analysis with improved reliability using most x-ray sources currently available, which offer finite spectral resolutions for the incoming x-rays. To explicitly demonstrate the applicability of our modified XSW approach, we performed XSW analysis on several nanostructured materials, deposited on Si or Au mirror surfaces using different incident x-ray beams with different longitudinal coherence properties.
It is convenient to express the electric field intensity at height z above a reflecting surface ( , respectively, describe amplitudes of the incident and reflected x-ray wave fields, the complex degree of coherence cðDÞ ¼ jc ir ðDÞj Â expði½ðhÞ À Q z zÞ accounts for the interference between the incident and reflected wave fields, Q z ¼ 4p sin h=k represents z-component of scattering vector Q ¼k 0 Àk; ðhÞ is the phase of the E-field amplitude ratio and h is the glancing incidence angle on the mirror surface. In the above expression, we have introduced an additional term jc ir ðDÞj that signifies the modulus of the degree of mutual coherence 23, 24 between incident and reflected x-ray waves above the mirror surface. Its value changes from 0 to 1 and strongly depends on the optical path length difference D ¼ nðAP À BPÞ % n2z sin h between two wave fields. ) shows contour plot for the x-ray field intensity distribution computed as a function of height z and incidence angle h on top of the Si substrate surface. In the contour plot ( Fig. 2(b) ), one clearly observes a boundary for the critical angle of the Si substrate. The visibility contrast of XSW interference fringes is significantly higher below the critical angle h c % 0.114
. The results presented in Figures 2(a) and 2(b) have been simulated for incident x-rays of 15 keV and considering a spectral resolution of k/dk % 5000, described by a Gaussian distribution profile remains unchanged up to the height z ¼ 300 nm above the substrate surface. This is because at this incident angle the optical path length difference between the incident and reflected waves at z ¼ 300 nm is D $ 1.2 nm, which is much smaller than the longitudinal coherence length (413 nm).
Figures 2(c) and 2(d), respectively, report simulations obtained for the incident x-rays energy of 15 keV comprising a spectral resolution of k/dk % 6.22. From Fig. 2(c) , it can be seen that at large height above the substrate surface, for example, at z ! 150 nm, the incident and reflected beams hardly remain coherent with each other. As a result, the interference term in Eq. (1) vanishes, and the total x-ray intensity above the substrate simply represents the sum of the intensity of the incident and reflected x-rays beams (refer to Fig. 2(d) ). Furthermore, it can also be noticed from Fig. 2(d) 
, then a XSW with high fringe visibility, V ¼ (I max -I min )/(I max þ I min ), is produced in the total reflection region. As the path length (D) is increased, the XSW fringe visibility is reduced. For example, for incident x-rays of energy $ 15 keV comprising of spectral resolution of k/dk % 6.22, the coherence length L L % 0.51 nm (FWHM), which corresponds to a path length value z % 129 nm above the substrate surface. At this height, the visibility of the XSW fringe reduced to $50%. For large heights (z ) L L ), the interference effect completely vanishes and the net intensity below the critical angle attains maximum value %2I.
Next, we demonstrate the applicability of our methodology by, analyzing a few nanostructured materials using a well-characterized partial coherent x-ray radiation. Au nanoparticle distribution on Si (100) surface- Figure 3 (a) depicts simulations results for the Au nanoparticles distribution on the Si(100) surface, which clearly reveal deeper insights on how monochromaticity of the partially coherent x-ray radiation affects the sensitivity of the total reflection assisted x-ray standing wave (TR-XSW) assisted angle dependent Au-La fluorescence yield of the Au nanoparticles. The TR-XSW assisted Au-La fluorescence profiles were computed at different spectral widths of the incident x-ray radiation assuming spherical shape of the Au nanoparticles (dia. % 250 nm). It can be noted from Fig. 3(a) that the XSW assisted Au-La fluorescence profile of the nanoparticles undergoes slowly with a distinct and systematic variation as we allow to vary monochromaticity of the incident x-ray radiation (k/dk ¼ 1 to 6.22). The visibility contrast of the XSW induced Au-La fluorescence oscillations decreases gradually in the total reflection region (h < 0.114 ) at the lower spectral resolutions. Even, many XSW oscillations vanish completely in the computed Au-La fluorescence profile at spectral resolution k/dk % 6.22, which can be clearly seen from the expanded view as shown in the inset of Fig. 3(a) .
The experimental measurements for the Au nanoparticles distribution comprising of an average particle size D $ 90 nm (dia.), dispersed on a Si(100) substrate surface were carried out at the BL-16 beamline of Indus-2 synchrotron radiation facility. 25 Incident x-rays of energy 15 keV from bending magnet source, monochromatized with a fixed exit Si (111) double-crystal monochromator was used to excite nanoparticle samples at grazing incidence angles. Au-La fluorescence x-rays emitted from the gold nanoparticles were collected by a Vortex spectroscopy detector. Figure 3(b) depicts experimentally measured XSW induced Au-La fluorescence profile for the Au nanoparticles along with the computed TR-XSW profiles at different spectral resolutions. The counting statistics of Au-La intensity was ensured in the range of (1-3)%. In the computation, we have considered a polydispersity factor (r/N av ) % 0.05 for the Au nanoparticles, where N av is the average particle size and r is the r. m. s. variation in particle size. In Fig. 3(b) , one observes a couple of interference oscillations in the measured XSW induced Au-La fluorescence profile below the critical angle of the Si substrate (h c % 0.114 ). These peaking interference oscillations in the fluorescence profile emerge due to the coincidence of the XSW antinodes within the volume of the Au nanoparticles. The left side inset of Fig. 3(b) shows an expanded view for the total external reflection region. It can be seen that the computed fluorescence profile at spectral resolution k/dk % 5000 closely agrees with the profile that obtained assuming an ideal monochromatic x-ray source (i.e., k/dk ¼ 1). This is due to the fact that at higher spectral resolutions, the incident and reflected xray beams remain fully coherent up to a height of several hundred of nanometers above the substrate surface. If the size of the nanostructure is considerably smaller than the coherence length, for example, in our case of 90 nm Au nanoparticles, then full volume of a nanostructure is excited by the XSW field created with a 100% coherent superposition of the incident and reflected x-ray beams. In conditions, if spectral resolution of the incident x-rays deteriorates or if the height of a nanostructure increases on top of the substrate surface, the measured fluorescence profile will show deviation from the ideal behavior (k/dk ¼ 1). On the top right inset of Fig. 3(b) , we have shown measured AFM image for the Au nanoparticles, which clearly demonstrates a mono-dispersed surface topography for the Au nanoparticles distribution on the Si Substrate surface.
Langmuir-Blodgett (LB) thin film-To demonstrate the effect of longitudinal coherence in the case of structural characterization of thin layered materials, we have performed TR-XSW analysis of a LB thin film structure deposited on top of a Au mirror surface using 10 keV incident x-rays of different spectral resolutions. This experiment used the hard-bend radiation from the D-line at the Cornell High Energy Synchrotron Source. Figs. 4(a)-4(c) show measured Zn-Ka fluorescence profiles originated from the trapped Zn atomic layer (thickness %3.0 nm) at a height z $ 93.3 nm in the LB film structure using incident x-ray beam with differing longitudinal coherence lengths and a fixed angular divergence %0.003
. Fig. 4(a) shows Zn-Ka fluorescence profile measured using a nearly ideal plane wave condition of spectral width k/dk % 5000, (L L % 608 nm) obtained by a Si(111) monochromator. While Figs. 4(b) and 4(c) demonstrate measured Zn-Ka fluorescence profiles obtained using relatively wider band-pass incident x-ray beams produced by synthetic Bragg multilayer monochromators, providing spectral resolutions of k/dk % 43.5 and k/dk % 18, respectively, which were determined by using the measured angular width of the reflectivity curves from two different hkl planes of a Si analyzer crystal in the sample position. The details about preparation of LB thin film structure and experimental conditions used for the measurements described in Fig. 4 are given elsewhere. 14, 21, 26 As can be seen from Figs. 4(a)-4(c), the visibility of the XSW induced oscillations in the Zn-Ka fluorescence profile reduces dramatically as the monochromaticity (k/dk) of the incident x-ray photons vary from 5000 to 18. The theoretically computed curves shown by red solid lines closely predict the experimental observations even in the cases when spectral resolution of the incident x-ray photons changed by large magnitudes (%200 times). This encouraging level of agreement between the experimental and computed TR-XSW profiles convinces the validity of our modified XSW approach. In Fig. 4(d) , we have shown measured and fitted x-ray reflectivity (XRR) profiles obtained for the LB thin film structure at incident x-ray photon energy of 10.162 keV at highest spectral resolution corresponding to Fig. 4(a) . In this figure, we have also shown a schematic layout for the LB thin film structure. Fig. 4(e) shows effective electron density profile (EDP) for the LB thin film structure determined from combined XRR and TR-XSW analysis using the best fit results obtained in all three cases. The EDP clearly reveals the presence of Zn atomic layer at location z % 90.3 nm, from the Au layer surface.
In conclusion, we have shown that longitudinal coherence properties of a partially coherent x-ray source have an ability to efficiently modulate the XSW field intensity pattern under total reflection condition on a mirror surface. We have implemented the source properties such as spectral resolution and its intensity distribution to account for longitudinal coherence in the model computation of fluorescence-induced XSW profile of a nanostructured material. This is in contrast to the conventional approach where the XSW analysis is performed assuming a perfectly monochromatic x-ray plane-wave incident beam. There are two technical outcomes from this finding that connects the TR-XSW fringe visibility to coherence.
(1) The spectral resolution of the upstream monochromator can be designed to maximize the incident intensity and therefore fluorescence sensitivity from an atomic layer without significantly compromising the spatial resolution of the measured atomic height distribution profile. For example, certain TR-XSW measurements can be performed on a conventional X-ray tube or rotating anode source using wide-band-pass multilayer optics. (2) The TR-XSW measurement can be designed to measure the longitudinal (or temporal) coherence properties of the incident beam. FIG. 4 . Experimental demonstration of the applicability of the partially coherent radiation for TR-XSW analysis. (a)-(c) Measured and fitted angle-dependent x-ray fluorescence profiles for the Zn atomic layer embedded in a LB film structure at different spectral widths of the incident x-ray photons. The relative uncertainty in the Zn yield is less than 5% for data above 0.45 and less than 2% below 0.45 . (d) Measured and fitted x-ray reflectivity profiles for the LB thin film structure at x-ray energy of 10.162 keV with spectral resolution of k/dk % 5000 corresponding to (a). (e) Effective electron density profile of the LB thin film structure determined from the best fit results using combined XRR and TR-XSW analysis, which clearly reveals the presence of Zn atomic layer at a mean height hzi ¼ 90:3 nm, from Au surface layer.
